Severe fever with thrombocytopenia syndrome (SFTS) as an emerging infection disease results in high morbidity and mortality in China. In this study, the circulating levels of 36 inflammatory mediators in 33 SFTS patients on days 3-7, 8-12 and 13-20 post-illness were measured by a multiplex Luminex ® system dynamically. Among the patients, 15 severe patients recovered, 11 severe patients died within three weeks. We found IL-1RA, IL-6, IL-15, IL-10, TNF-α, IFN-γ, G-CSF, eotaxin, IL-8, IP-10, MCP-1, MIP-1α, MIP-1β and fractalkine were significantly upregulated in SFTS patients. Elevated IL-15 and eotaxin in SFTS patients were reported firstly. The highest levels of pro-inflammatory and anti-inflammatory cytokines coexisted in fatal patients during the first week. Inflammatory mediators remained high levels when death occurred in fatal patients, they were recovered within three weeks in nonfatal patients. Our results showed the occurrence of inflammatory storm in SFTS patients were associated with the severity of SFTS. RANTES and PDGF were down regulated and remained significantly lower levels in fatal patients throughout the course of disease, the concentrations of RANTES and PDGF were remarkably positively correlated with the platelet count. Our results demonstrated that dysregulated inflammatory response was associated with disease pathogenesis and mortality in SFTS patients.
Quantitative Real-time PCR. RNA was extracted from plasma using a high-purity viral RNA kit (Qiagen) according to the manufacturer's instructions. SFTS virus was amplified using specific primers and probes by real-time reverse-transcription polymerase chain reaction (RT-PCR) under conditions previously described 18 . Statistical Analyses. Between the 3 groups of mild, nonfatal severe and fatal patients during 3 time periods, comparisons of clinical parameters and levels of inflammatory mediators were calculated by unpaired t test, non-parametric tests (for continuous variables) or Pearson's χ 2 test on a cross table (for categorical variables), where appropriate, using GraphPad Prism 5.0 (GraphPad software, San Diego, USA). Logistic regression analysis was used to show correlations between platelet count and certain cytokines. A two-sided P-value < 0.05 was considered statistically significant.
Measurement of Inflammatory

Results
Characterization of SFTS Patients. There were no deaths among the 7 mild patients, while 11 of the 26 severe patients died. In the first week post-illness, 1 patients died with complications of pulmonary infection, acute pancreatitis and MODS, 1 patients died with complications of hemorrhage of digestive tract and MODS; on day 8-12, 2 patients died with complications of pulmonary infection and 2 patients died with complications of MODS; on days 13-20 of disease, 2 patients died with complications of MODS and diffuse intravascular coagulation (DIC), 2 patients died with complications of MODS and pulmonary infection. One patient died on day 21 post-illness.
As summarized in Table 1 , patients were between 17 to 86 years old; the average age of the fatal patients was significantly higher than that of the nonfatal patients, fatal patients have higher incidences of conscious disorder, hemorrhage of digestive tract, pulmonary infection, acute pancreatitis and DIC, however, higher incidences of vomiting and diarrhoea in nonfatal severe patients were noted.
As summarized in Table 2 , leukopenia, especially neutropenia, thrombocytopenia and hypoeosinophilia, and increased levels of lactate dehydrogenase (LDH), creatine kinase (CK) and CK-MB were found in all patients. At the first week of disease, patients in fatal group showed significantly higher levels of viral load, CK, BUN and Cr, as well as lower platelet counts (PLT) and lower level of sodium ion (Na). Throughout the disease, the average viral load in fatal patients was 2-3 times higher than that in nonfatal patients (P = 0.000).
Cytokines. Among the 26 cytokines measured, the concentrations of IL-1RA, IL-6, IL-15, IL-10, TNF-α, IFN-γ and G-CSF were significantly elevated in SFTS patients compared to healthy controls at the first week of disease (Supplementary Table) . As shown in Fig. 1 , fatal patients exhibited a more robust production of cytokines than nonfatal patients. The levels of the 7 cytokines listed above in fatal patients were significantly higher than those in severe patients who survived. Additionally, no significant differences in these 7 cytokines were observed between nonfatal severe patients and mild patients.
During the disease course in fatal patients, the 7 cytokines were at the highest levels on days 3-7. These levels did not decrease noticeably from days 3-7 to days 8-12, except for IL-6 and IL-10 (Fig. 1) ; only IL-6, IL-10 and IL-15 showed a significant decreasing trend from days 3-7 to days 13-20. The change trend of these 7
Scientific RepoRTS | (2018) 8:159 | DOI:10.1038/s41598-017-18616-z cytokines levels in nonfatal severe patients were similar as that in fatal patients throughout the disease. For mild patients, the levels of these cytokines were elevated slightly and were similar between days 3-7 and days 8-12, they reverted to their physiological ranges at the final stage of disease. Unlike other cytokines, PDGF were in low levels at the first week, throughout the disease progression, they then showed a significant increasing trend in nonfatal patients, but they keep low in fatal patients. The correlation analyses showed that significantly positive correlations existed between the PLT count and levels of PDGF in SFTS patients (Fig. 2) .
Chemokines. Among the 10 chemokines measured, the concentrations of eotaxin, IL-8, IP-10, MCP-1, MIP-1α, MIP-1β and fractalkine were significantly higher in patients compared to healthy controls (Supplementary Table) Table 2 . Comparisons of laboratory characteristics between fatal and nonfatal patients from three to twenty days post the onset of severe fever with thrombocytopenia syndrome. course, IL-8, IP-10, MCP-1, and MIP-1α were significantly higher in fatal patients (Fig. 3) . No significant differences in eotaxin, IL-8, IP-10, MCP-1, MIP-1α, MIP-1β and fractalkine were observed between nonfatal severe and mild patients during the progression of the disease.
In fatal patients, the levels of eotaxin, IL-8, IP-10, MCP-1 and MIP-1β decreased evidently from days 3-7 to days 8-12 (Fig. 3) . RANTES decreased at the early stage and remained at a lower level throughout the disease in fatal patients. Significantly positive correlations existed between the PLT count and the level of RANTES in SFTS patients (Fig. 2) . Nonetheless, the levels of IL-8, IP-10, MCP-1, MIP-1β, MIP-1α and RANTES did not return to their physiological ranges in fatal patients at the final stage of the disease except for eotaxin and fractalkine.
In nonfatal severe patients, the levels of eotaxin, IL-8, IP-10, MCP-1, MIP-1α, MIP-1β and fractalkine decreased gradually as patients recovered, whereas RANTES showed an increasing trend. The levels of eotaxin, IL-8, IP-10 and MCP-1 displayed a significant decreasing trend from days 8-12 to days 13-20. Significant differences in eotaxin, IL-8, IP-10, MCP-1, MIP-1β and RANTES were noted between days 3-7 and days 13-20 of the illness. In mild patients, only the levels of eotaxin, IL-8, IP-10, MCP-1 and MIP-1β were obviously elevated, and all of the chemokines reverted to normal levels when patients recovered. RANTES also displayed an upward tendency in mild patients.
Discussion
In this study, the survived severe patients returned to convalescent stage at the third week. Renal damage at the early stage of the disease, hyponatraemia, consciousness disorder, and higher levels of CK and CK-MB were significantly associated with the aggravation of SFTS patients. Fatal patients were more significantly prone to incidence of hemorrhage, pulmonary infection, MODS and DIC. Vomiting and diarrhoea, which occurred more frequently in nonfatal patients, may indicate a better prognosis in SFTS.
Thus far, there are no specific treatments or preventive measures for SFTS, so study of its pathogenesis may illuminate appropriate treatment. As we know, the immune response plays an important role in the prognosis of infectious diseases, especially viral infections [10] [11] [12] . An appropriate inflammatory response is protective and essential for resistance to infection, dysregulated response can be detrimental, as excessive production of inflammatory mediators can cause vascular permeability, self-destruction of tissues and organ dysfunction 19 . Elevated inflammatory mediators have been reported to be associated with the severity of viral infections, such as IL-1β, IL-6, 23, 24 , IL-6 and TNF-α in Crimean-Congo haemorrhagic fever 25 . IL-2, IL-6, IL-8, TGF-β1 and TNF-α in hantavirus infection 26 . In this study, inflammatory mediators including IL-1RA, IL-6, IL-15, IL-10, TNF-α, IFN-γ, G-CSF, eotaxin, IL-8, IP-10, MCP-1, MIP-1α, MIP-1β and fractalkine were found to be elevated in SFTS patients during the first week of the disease. The inflammatory mediators retained high levels in fatal patients, while they recovered to normal levels gradually in nonfatal patients, especially decreased sharply in mild patients. Our results showed the occurrence of inflammatory storm were associated with the severity of disease in SFTS patients. IFN-γ can inhibit viral replication, but aberrant expression is not conducive to disease recovery, the levels of IFN-γ were reported to be significantly lower in SFTS patients than in healthy individuals in a report by Deng 15 , while IFN-γ was reported to be elevated in the fatal cases during the acute phase of disease in other reports 13, 14 . In this research, IFN-γ was found to be significantly elevated in SFTS patients, and this level decreased more rapidly in nonfatal patients than in fatal patients. Our results showed that TNF-α was elevated in SFTS patients and was significantly higher in fatal cases throughout the course of the disease, they significantly decreased on the second week in mild patients, while they decreased sharply on the third week in nonfatal severe patients. IL-6, another important pro-inflammatory cytokine which can induce B cells to differentiate into plasma cells, was significantly elevated in severe SFTS patients, it decreased gradually throughout the disease and recovered at the third week in nonfatal severe patients. IL-15 level was decreased significantly through the disease progression, it reverted to a near-normal level when patients recovered at the third week.
IL-1RA and IL-10, important anti-inflammatory cytokines, were significantly elevated in SFTS patients, especially in fatal patients. Throughout the disease, IL-10 showed significantly obvious downward trend, while IL-1RA showed a steadily descending trend. A compensatory production of anti-inflammatory mediators often occurs after the excessive production of inflammatory mediators. If inflammatory and anti-inflammatory mediators are significantly elevated and lose homeostasis, anti-inflammation response syndrome (CARS) or "immune paralysis" syndrome may result; as a consequence, patients will have increased susceptibility to secondary or opportunistic infections 27 . In this study, the peak levels of pro-inflammatory and anti-inflammatory cytokines were found to coexist during the first week in fatal patients, which may account for the higher incidences of MODS and pulmonary infection in fatal patients.
The significant role of IP-10 and MCP-1 in virus-infected disease progression has been reported 28 . In this study, although the levels of IP-10, IL-8 and MCP-1 declined significantly, they remained at high levels when death occurred in fatal patients. Elevated levels of MIP-1α and MIP-1β have been reported in fatal but not nonfatal SFTS patients 13, 14 ; however, our results showed MIP-1α and MIP-1β were significantly elevated not only in fatal patients but also in nonfatal severe patients. Although declined, these levels were still noticeably higher in fatal patients throughout the disease's progression.
RANTES and PDGF are released by activated platelets 29 . Levels of RANTES were reported to be higher in SFTS patients than in healthy individuals by Deng 15 , while it was also reported to be significantly elevated in the fatal SFTS patients 13 . In our research, the concentrations of RANTES and PDGF were remarkably positively correlated with the PLT count in SFTS patients. The levels of RANTES and PDGF in fatal patients were significantly lower than nonfatal patients with the disease's progression, suggesting that low levels of RANTES and PDGF are associated with an increased risk of death in SFTS patients.
Previous studies have reported that viral load is correlated with a strong immune response as well as the severity of disease following viral infection 13, 14, 30 . In this study, continuous detection revealed that the SFTSV load still remained high in fatal SFTS patients when death occurred.
Limitations of our study include the relatively small number of patients studied. However, this is a rigorous prospective study which took 2 years in a representative hospital for the treatment of SFTS, 37 inflammatory mediators were detected dynamically in SFTS patients as the disease progressed. Previous study have reported that type I interferon response would contribute to viral infection 16 , and this would need to be researched in our future study.
In summary, we firstly reported that the levels of IL-15 and eotaxin were elevated in SFTS patients. In total, abnormal production of 17 inflammatory mediators was observed in SFTS patients, they were associated with disease pathogenesis. In particular, sustained high levels of TNF-α, IL-6, IL-1RA, IL-8, IP-10, MCP-1, MIP-1α, MIP-1β, and low production of RANTES and PDGF were most associated with the severity of disease. Due to the lack of specific antiviral drugs against SFTSV, treatments such as blood purification, glucocorticoids and antagonists to block the cytokine storm might relieve the disease severity and decrease SFTS mortality.
